28 generated on bone slices in vitro, then infected with GFP-labeled S. aureus and imaged 18 hours 29 later. Again, bacteria were found within OCs (Fig 1B) .
30
In order to demonstrate whether the observed intracellular bacteria were viable, we used a 31 gentamicin-based protection assay. Murine bone marrow macrophages (BMMs) were differentiated 32 with RANKL for up to 3 days (Fig 1C) and infected with S. aureus for 30 minutes at a multiplicity of 33 infection (MOI) of 1:1, after which extracellular bacteria were killed by the addition of gentamicin for 1 34 hour. Infected cells were lysed following 16.5 hours of additional culture (at 18 hpi), and colony 35 forming units (CFUs) enumerated. While exposure of BMMs to RANKL for 1 day had no effect on the 36 number of bacteria recovered, 2 days of differentiation in RANKL (lineage-committed TRAP+ 37 preosteoclasts [preOCs] ) led to ~100-fold increased bacteria load, and 3 days of RANKL (fully 38 differentiated OCs) caused a ~500-fold change, compared to no RANKL (undifferentiated BMMs) (Fig  39 1D) . In order to preclude any confounding effects that may be specific to gentamicin treatment in our 40 assay, we repeated the 18 hpi CFU assay during OC differentiation with lysostaphin as the 41 bactericidal agent instead of gentamicin. We found the patterns of increased intracellular bacterial 42 load in OCs at 18 hpi were the same in our lysostaphin protection assay as with our gentamicin 43 protection assay (S1 Fig) . 44 45 S. aureus proliferates within osteoclasts in vitro 76 not reach statistical significance. There was no statistically significant change in the percent of GFP+ 77 D2 preOCs at 18 hpi, although there was higher variability between biological replicates. Very few 78 bacteria were detected in the culture media at 12-18 hpi, suggesting it is unlikely that cell lysis and 79 new infection of adjacent cells occurs at a high enough frequency to affect our readouts (S1 Table) . 80 We next plotted the mean fluorescence intensity (MFI) of the GFP+ populations in each culture (Fig  81 2F) . There was no change in the BMMs with time, suggesting that the few cells that were unable to 82 clear bacteria nevertheless restrained their growth. In contrast, the MFI of GFP+ preOCs increased 83~4-fold between 2 and 18 hpi, indicating a greater number of bacteria per cell at the later timepoint. 84 Further, the histogram (Fig 2D) shows a population of preOC at 18 hpi with a very high MFI (up 100-85 500-fold) compared to any other culture condition, suggesting that a subset of these cells allows rapid 86 intracellular replication of S. aureus. Supporting our conclusion that the bacteria are expanding within 87 RANKL-treated cells, transmission electron microscopy demonstrates dividing bacteria in mature OCs 88 at 18 hpi (Fig 2G) . 89 90 Proliferative capacity of S. aureus within osteoclasts is NFATc1-dependent in response to 91 RANKL 92 93
Having demonstrated that S. aureus proliferates robustly within differentiated OCs, we next 94 wanted to determine whether deficiency of NFATc1, the master transcriptional regulator of OC 95 formation, would modulate intracellular bacterial levels in response to RANKL. To this end, Nfatc1 fl/fl 96 mice were mated to an inducible Mx1-cre transgenic line and Poly I:C was used to conditionally 97 delete Nfatc1 one month prior to harvest of BMMs (Fig 3A) . Consistent with the critical function of 98 NFATc1 in driving OC differentiation (Fig 3B) , we find that S. aureus was unable to replicate in 99 NFATc1-deficient cells in response to RANKL stimulation (Fig 3C, D2 condition) . In contrast, we 00 found no difference in the microbial load between unstimulated Ctrl and NFATc1-deficient BMMs, a 01 result consistent with the low basal expression of NFATc1 in the absence of RANKL (Fig 3A) .
02
Because we found that RANKL-induced NFATc1 promotes intracellular replication of S. aureus, 03 we evaluated whether forced expression of this molecule would further enhance microbial expansion. 04 For this purpose, we cloned Nfatc1 cDNA into the pMX retroviral vector and transduced Wt BMMs. 05 Following blasticidin selection, transduced cells were cultured with M-CSF alone or under 06 osteoclastogenic conditions and challenged with S. aureus. Using this gain-of-function approach, we 07 demonstrate that ectopic expression of NFATc1, which accelerates OC differentiation, significantly 08 increased microbial burden when compared to cells transduced with empty vector under 09 osteoclastogenic conditions (Fig 3D) . Surprisingly, overexpression of NFATc1 in BMMs, in the 10 absence of RANKL signaling, failed to support replication, as differences in microbial load were 11 comparable to empty vector control. Similarly, treatment with rosiglitazone, a peroxisome proliferator-12 activated receptor- agonist that augments RANKL-induced NFATc1 levels when combined with 13 RANKL (Fig 3E) , led to a significant increase in intracellular microbial accumulation relative to 14 untreated OCs (Fig 3F) . However, in the absence of RANKL, NFATc1 expression was not induced 15 and intracellular microbial counts were comparable between rosiglitazone treated and untreated 16 BMMs (Fig 3F) . Thus, using both genetic and pharmacological approaches, intracellular proliferation 17 of S. aureus within OCs is NFATc1-dependent in response to RANKL stimulation. 18
19 Alternative NF-B promotes intracellular expansion of S. aureus
20
Although our data demonstrate a clear role for NFATc1 in facilitating intracellular growth of S. 21 aureus in OCs, we found that microbial burden was unaltered in NFATc1 overexpressing BMMs 22 compared to empty vector controls, suggesting that other RANKL-induced signaling pathways are 23 also essential for the effect. Previously, our group has demonstrated that the alternative NF-кB 24 signaling pathway is highly upregulated by RANKL stimulation and promotes OC formation [22, 23, 25 28] . In order to investigate the importance of alternative NF-кB signaling in promoting S. aureus 26 intracellular expansion, we utilized cells deficient in the alternative NF-кB central upstream kinase NIK 27 or the downstream transcription factor RelB. Loss of either NIK or RelB significantly decreases the 28 ability of S. aureus to replicate intracellularly (Fig 4A, 4B) .
29
NFATc1 levels are significantly reduced with RelB deficiency, and retroviral overexpression of 30 NFATc1 can rescue deficient OC formation that results from the loss of RelB [23] . Therefore, we next 31 determined whether ectopic expression of NFATc1 could restore the ability of S. aureus to replicate in 32 RelB-deficient cells. Consistent with a rescue in differentiation and NFATc1 restored to empty vector 33 WT levels (Fig 4C, 4D) , we found that microbial burden was also restored to empty vector WT levels 34 in RelB knockout cells overexpressing NFATc1 under osteoclastogenic conditions (Fig 4E) . These 35 data highlight the importance of alternative NF-кB and NFATc1 signaling in mediating intracellular S. 36 aureus replication. 37 38 S. aureus within osteoclasts is not located exclusively in phagolysosomes
39
Macrophage subsets that kill bacteria after engulfment traffic them to phagolysosomes, a digestive 40 hybrid organelle formed upon fusion of phagosomes with lysosomes [24] . To determine whether OCs 41 fail to sequester S. aureus in phagolysosomes, we generated OCs on glass, infected with GFP+ 42 bacteria, and stained the cells with the acidotrophic dye LysoTracker red at 18 hpi. Similar to the wide 43 range in fluorescence intensity of infected D2 preOCs demonstrated by flow cytometry (Fig 2D) , the 44 number of bacteria in each mature OC was also variable (Fig 5A) . Interestingly, in cells with a low 45 bacterial load (Fig 5A, box 1) , there is a high degree of colocalization between the bacteria and 46 phagolysosomes (Fig 5B, 5C) . Comparatively, cells harboring very large clusters of bacteria (Fig 5A , 47 boxes 2 and 3) have more bacteria that do not appear to reside in acidified phagolysosomal 48 compartments (Fig 5B) , although the degree varies. The colocalization of the fluorescent signal peaks 49 from the green GFP+ bacteria with the red LysoTracker stained phagolysosomes is represented by 50 the Pearson's colocalization correlation coefficients (Rr) generated from line scans taken within each 51 cell (Fig 5C) . The Pearson's coefficients are inversely correlated to the amount of bacteria present 52 within each of the three cells, indicating less phagolysosomal localization with higher bacterial loads. 53 Thus, S. aureus within OCs seems to avoid killing by evading or escaping mature phagolysosomal 54 compartments and the ensuing intraluminal digestion. 55 56 Discussion
57
OM is a common and debilitating infection, with associated osteolysis causing pain and pathologic 58 fractures. To this point, most of the work examining OCs in the context of OM has focused on the 59 stimulatory effect of S. aureus on OC activity. In contrast, we utilized a low multiplicity of infection 60 (MOI) of 1 to 10 which may reveal host-pathogen interactions that are masked by much higher 61 bacterial loads, as different S. aureus inocula have been shown to have differential effects on the 62 immune response and infection progression [29] . Here, we have shown that OCs are a target of S. 63 aureus infection, in vivo and in vitro, providing the bacteria a replicative niche. Unlike their 64 progenitors, OCs are unable to confine internalized S. aureus to phagolysosomes, the likely cause of 65 their failure to eliminate the bacteria. Thus, the direct interactions between OCs and S. aureus may 66 play an important role in the progression of OM beyond bone loss, affecting the survival and 67 proliferation of the pathogens.
68
The ability of S. aureus to proliferate after internalization was dependent on prior RANKL 69 stimulation of the host cell for 2 days, the point at which cells become positive for TRAP and are 70 considered to be committed to the OC lineage. Complete differentiation into multinucleated OCs, 71 whether on plastic or bone, was associated with an even higher level of intracellular bacteria. The 72 effect of RANKL was unique, as polarization of the BMMs toward M2 macrophages with IL-4, which 73 causes reduced bacterial killing, did not allow intracellular replication. Since osteoclastogenesis 74 depends on NFATc1, it is not surprising that this transcription factor was also required for the effect of 75 RANKL on S. aureus. Interestingly, overexpression of NFATc1 alone, which is not sufficient to cause 76 OC differentiation, did not promote bacterial proliferation without concomitant RANKL exposure. This 77 suggests that additional signals from RANKL/RANK are required. The alternative NF-B pathway is 78 activated by RANKL and is upstream of NFATc1 and other factors important for OC function [23] . 79 Deficiency of NIK, the apex kinase, results in a more severe impairment in OC differentiation relative 80 to genetic disruption of RelB, the key transcriptional subunit [23] , and likewise NIK ablation blunted S. 81 aureus proliferation greater than RelB deficiency. Furthermore, restoration of NFATc1 expression in 82 the RelB-deficient background to Wt levels also normalized both OC differentiation and bacterial 83 loads, suggesting that in this context, NFATc1 activation is the primary mediator of bacterial handling. 84 These findings are especially interesting in light of findings from others that elucidate the importance 85 of RANKL-signaling in driving osteoclast-mediated inflammatory bone resorption [30] .
86
Using a low MOI, we observed cellular heterogeneity within our cultures in both the D2 preOCs as 87 well as in mature OCs. By flow cytometry, we were able to identify the small percentage of cells that 88 actually became infected with S. aureus, and then follow the cultures over time. Since the fraction of 89 infected cells did not change between 1.5 and 18 hpi, the increase in fluorescence represents 90 bacteria replicating within previously infected cells, and not replication in the media and infection of 91 new cells. We also found that amongst this infected population there were a subset of cells that 92 allowed the replication of bacteria to a much greater extent than other cells, as reflected by the "tail" 93 of high MFI cells only at 18 hpi in D2 preOCs. In fact, this minority population of cells could be 94 responsible for the more than 2 log 10 increase in bacteria represented in the MFI by flow cytometry 95 and CFUs in the antibiotic protection assays. It is possible that differences in bacterial expansion 96 within the preOCs at D2 are related to degree of differentiation, since these primary cell cultures are 97 somewhat heterogeneous. However, a similar variability in bacterial load was seen by confocal 98 microscopy in mature OCs.
99
As OCs are differentiated from BMMs, it is important to compare the consequences of bacterial 00 internalization between the two cell types in order to understand how OCs fail where macrophages 01 succeed. BMMs effectively destroy internalized bacteria via phagolysosome acidification. For S. 02 aureus this is a process involving NLRP3 inflammasome activation and Caspase-1 cleavage that 03 leads to NADPH oxidase 2 (NOX2) production of reactive oxygen species [24] . We discovered that 04 most mature multinucleated OCs exhibited poor colocalization of S. aureus with phagolysosomes, 05 and interestingly, the OCs with the highest intracellular bacterial loads had the lowest degree of S. 06 aureus colocalization with phagolysosomes. Our initial ultrastructural investigation using transmission 07 electron microscopy showed that dividing S. aureus can be found in membrane-bound compartments, 08 but the bacterial load in the visualized cells was relatively low compared to most seen on confocal 09 microscopy. Therefore, it is possible that bacteria replicate in the cytoplasm as well. Although in our 10 experimental conditions lysis of OCs is uncommon before 18 hpi, it becomes frequent by 24 hpi. 11 Future work will focus on tracing the intracellular fate of the bacteria within OCs over time, including 12 defining the endosomal compartments involved, and whether they escape into the cytoplasm prior to 13 cell death. Additional single cell approaches will be required to determine which host cell pathways 14 determine the fate of intracellular S. aureus, and whether these are responsible for the observed 15 differences between cells.
16
Ultimately, this work elucidates a new role for OCs in propagating infectious OM, at least in the 17 context of S. aureus. It has previously been shown that osteoblasts release pro-osteoclastogenic 18 cytokines, including RANKL, that recruit and activate OCs at the site of infection. While others have 19 shown that S. aureus and its cellular components can promote osteoclastogenesis, OC activity, and 20 pro-inflammatory cytokine release [17, 20, 31] , this investigation focused on determining the 21 infectability of OCs. We found that it is possible for OCs to become infected and provide a replicative 22 niche for S. aureus to proliferate and evade immune destruction, and that this whole process is 23 dependent on RANKL signaling. Although the influence of S. aureus on OC activity and cytokine 24 production is undoubtedly important for the progression of OM lesions, we have extended the 25 potential role for these cells to include bacterial expansion. If S. aureus promotes OC recruitment and 26 formation and OCs can harbor bacteria from destruction, then these conditions can feed forward in a 27 positive feedback loop. Thus, therapies aimed at modulating the ability of OCs to shelter bacteria 28 might provide increased efficacy in curing these difficult-to-treat infections. 29 30 Materials and Methods 31 Reagents 06 enumerated. Controls for antibiotic killing of S. aureus were included in all experiments by plating 07 supernatant on TSA and inspecting for colonies after overnight incubation at 37 o C. 08 09 Flow cytometric assays 9. Lio P, Paoletti N, Moni MA, Atwell K, Merelli E, Viceconti M. Modeling osteomyelitis. BMC
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